Introduction
Abnormal mitosis jeopardizes genome integrity (Ganem et al., 2009) and causes aneuploidy, which is both a cause and a consequence of cancer (Gordon et al., 2012) . Multiple checkpoints ensure the high fidelity of mitosis (Musacchio and Salmon, 2007; Thompson et al., 2010; Hanahan and Weinberg, 2011) . The spindle assembly checkpoint (SAC; for review see Musacchio and Salmon, 2007 ) is a signaling cascade that prevents premature separation of sister chromatids by delaying the metaphase-to-anaphase transition until all the kinetochores are properly attached to the spindle (Hoyt et al., 1991; Li and Murray, 1991) . Then, a cascade of signals triggers chromosome segregation, leading to mitotic exit. The canonical mitotic exit pathway is initiated by the release of the APC/C CDC20 ubiquitin ligase from the SAC-mediated inhibition (Sudakin et al., 2001) , which leads to the proteasomal degradation of cyclin B and a drop in mitotic cyclin-dependent kinase (CDC2/CDK1-cyclin B) activity. Work performed in Xenopus laevis egg extracts suggests that the residual CDK activity may be silenced through dephosphorylation of activating threonine-161 of CDC2 (Lorca et al., 1992) to ensure normal exit from mitosis. However, the role of CDC2 pThr161 dephosphorylation in mammalian cells remains to be shown.
System-biology studies are dissecting the connections between the SAC and the CDK activity oscillations (Bouchoux and Uhlmann, 2011) . High CDC2 activity maintains the SAC (D'Angiolella et al., 2003) . After the SAC is satisfied, degradation of cyclin B is followed by sequential inactivation of CDK targets (Bouchoux and Uhlmann, 2011) . The irreversible mitotic exit depends on this anti-CDK feedback loop (López-Aviles et al., 2009) , and multiple phosphatase pathways converge here to ensure safe passage through mitosis (for a recent review see Wurzenberger and Gerlich, 2011) . For example, the decreased activity of the CDK-Greatwall-ENSA/ARPP19 signaling axis upon the SAC release activates the PP2A phosphatase Gharbi-Ayachi et al., 2010; Mochida et al., 2010) to control the mitotic exit , presumably through dephosphorylation of key CDK targets (Schmitz et al., 2010) . Given the complexity of these signaling networks, additional mitotic exit phosphatases will likely be discovered.
M
itosis is controlled by a network of kinases and phosphatases. We screened a library of small interfering RNAs against a genome-wide set of phosphatases to comprehensively evaluate the role of human phosphatases in mitosis. We found four candidate spindle checkpoint phosphatases, including the tumor suppressor CDKN3. We show that CDKN3 is essential for normal mitosis and G1/S transition. We demonstrate that subcellular localization of CDKN3 changes throughout the cell cycle. We show that CDKN3 dephosphorylates threonine-161 of CDC2 during mitotic exit and we visualize CDC2
pThr-161 at kinetochores and centrosomes in early mitosis. We performed a phosphokinome-wide mass spectrometry screen to find effectors of the CDKN3-CDC2 signaling axis. We found that one of the identified downstream phosphotargets, CK phosphorylated at serine 209, localizes to mitotic centrosomes and controls the spindle checkpoint. Finally, we show that CDKN3 protein is down-regulated in brain tumors. Our findings indicate that CDKN3 controls mitosis through the CDC2 signaling axis. These results have implications for targeted anticancer therapeutics.
failure, whereas negative control cells arrested in prometaphase ( Fig. 1 B) . Of 801 siRNAs, seven (0.87%) produced the multinucleated phenotype upon taxol treatment, which is consistent with SAC failure (Fig. 1 , B-D). Additionally, two siRNAs targeting CDC25A induced premitotic arrest in accordance with the known function of the CDC25 phosphatases in mitotic entry (for review see De Wulf et al., 2009) . The candidate SAC genes found in our screen included SAC-1 (a phosphatase that regulates mitotic spindle stability; Liu et al., 2008) ; ANP32A (a regulator of the PP2A phosphatase; Habrukowich et al., 2010) ; and three phosphatases that had not been linked to mitosis: INPP5E, 5NT, and PP1M. Finally, the siRNAs that generated the strongest SAC failure phenotype targeted the double-specificity phosphatase, CDKN3. CDKN3 dephosphorylates interphase CDKs (Gyuris et al., 1993; Hannon et al., 1994) , but its role in mitosis has not been reported. We generated stable T-REx HeLa cells expressing Tetinducible CDKN3 shRNA as another validation tool (Table S2 ). The inducible knockdown of CDKN3 resulted in SAC failure similar to the MAD2 knockdown ( Fig. 1 E) . We found that CDKN3 is required for mitotic arrest in response to other spindle poisons (nocodazole and VS-83) that are mechanistically different from taxol (Sawin et al., 1992; Mayer et al., 1999; Fig. 1, F and G) . Finally, we found that CDKN3 is essential for the spindle checkpoint in neural progenitor cells isolated from postmortem human cortex (Schwartz et al., 2003;  Fig. 1 H) . This last observation suggests that the CDKN3-dependent SAC may operate in the human brain, which is consistent with the proposed tumor suppressor role for CDKN3 in brain tumors (Yu et al., 2007) .
The SAC regulator MAD2 is sensitive to off-target knockdown (Sigoillot et al., 2012) , which may hamper validation of siRNAs (Hübner et al., 2010; Westhorpe et al., 2010) . Thus, we comprehensively validated our findings to exclude the possibility of an off-target effect. First, we showed that the CDKN3 siRNA SAC phenotype is partially rescued by overexpression of siRNA-resistant GFP-CDKN3 (Fig. 2, A and B) . Second, we recapitulated the SAC phenotype resulting from CDKN3 knockdown with three other CDKN3 siRNAs not included in the library (Fig. 2, C and D) . Third, we found normal MAD2 protein levels in cells transfected with the CDKN3 siRNAs using quantitative infrared Western blots (Fig. 2, E-G) . Fourth, we confirmed normal MAD2 localization in prometaphase cells transfected with the CDKN3 siRNAs (Fig. 2, G and H) . Finally, ectopic expression of MAD2 did not rescue the SAC in cells transfected with CDKN3 siRNA (Fig. 2, I -K). We noted that overexpression of MAD2 disrupts the SAC (Fig. 2 I) , which is consistent with the proposed contribution of increased MAD2 to chromosome instability (Sotillo et al., 2007 (Sotillo et al., , 2010 . Together, these experiments indicate that the SAC deficiency observed in CDKN3 knockdown cells is not caused by an off-target effect.
CDKN3 has been linked to cancer (Yeh et al., 2000; Niculescu et al., 2004; Blenk et al., 2007; Yu et al., 2007; Padua and Hansen, 2009; Jiang et al., 2010; Taylor et al., 2010) , but the mechanistic connection between CDKN3 and carcinogenesis was lacking. Thus, we decided to further dissect cell cycle pathways controlled by CDKN3 with particular attention to mitosis.
The mitotic signaling networks have clinical importance. Although weakened SAC promotes aneuploidy and cancer (Cahill et al., 1998; Dai et al., 2004; Hanks et al., 2004) , complete loss of control over the mitotic exit is lethal for mammalian cells (Michel et al., 2001) , including cancer cells (Kops et al., 2004) . Genetic disruption of the PP2A-CDK signaling causes tumor regression in a mouse cancer model (Manchado et al., 2010) , and targeting late mitosis with small molecules induces cancer death in vivo (Tao et al., 2005) . Thus, the mitotic exit is a target for anticancer chemotherapies (Nalepa et al., 2006; Gordon et al., 2012) . Therapies against aneuploid cells may be useful in cancers that use chromosomal instability to resist treatment. Glioblastoma multiforme (GBM), the most common primary malignant brain cancer, exemplifies this type of genomically unstable tumor (Cancer Genome Atlas Research Network, 2008; Parsons et al., 2008; Mir et al., 2010; Ohba et al., 2011) . Despite the most aggressive therapies, glioblastoma is uniformly lethal (Stupp et al., 2005) . Therefore, identification of drug targets in GBM is clinically important.
In this work, we describe a systematic RNAi screen against a genome-wide set of phosphatases that revealed candidate regulators of the SAC. We show that one of these phosphatases, CDKN3, associates with centrosomes and dephosphorylates CDC2 , presumably contributing to the CDK inactivation at the mitotic exit. We visualize CDC2
pThr-161 at kinetochores and centrosomes in early mitosis, which suggests a spatiotemporal connection between CDKN3 and the SAC. We demonstrate that CDKN3 regulates the G1/S transition, and we describe how the CDKN3 localization changes throughout the cell cycle. We show that loss of CDKN3 leads to abnormal mitosis and generation of supernumerary centrosomes. We discuss the results of our phosphoproteomic screen, which revealed multiple latemitotic effectors of CDKN3. We show that one of these phosphotargets (CK pS209 ) is essential for the SAC and localizes to centrosomes. Finally, we revisit the previously postulated connection between CDKN3 and carcinogenesis. Because previous studies regarding CDKN3 expression in GBMs generated ambiguous results (Yeh et al., 2000; Blenk et al., 2007; Padua and Hansen, 2009; Taylor et al., 2010) , we analyzed CDKN3 protein expression in two independent patient-derived GBM cohorts. We found decreased CDKN3 protein in a fraction of GBMs, accompanied by increased CDK activity. Together, these findings offer new insights into the regulation of human cell division and provide a conceptual framework for rationally designed therapies in GBM and other cancers.
Results

A functional genomic screen identifies the role of CDKN3 in mitosis
To identify human SAC phosphatases, we screened an siRNA library against a genome-wide set of human phosphatases. HeLa cells were transfected with library siRNAs on 96-well plates and challenged with taxol. Cells were then fixed and imaged under a high-throughput microscope (Fig. 1 A) . Cells transfected with an siRNA targeting MAD2 (a known SAC regulator; Dobles et al., 2000) became multinucleated due to SAC 999 CDKN3 regulates mitosis • Nalepa et al.
CDKN3 localizes to nucleoli in interphase and controls progression through interphase
We found that endogenous CDKN3 is a nuclear protein in interphase (Fig. 4 A) . Extraction of soluble proteins revealed endogenous CDKN3 targeted to intranucleolar foci (Fig. 4 A) within nucleolin clusters (Fig. 4 B and Fig. S1 ). Overexpressed GFP-CDKN3 showed similar localization (Fig. 4 C and Fig. S1 ). The nuclear targeting of CDKN3 is independent of the CDKN3 phosphatase activity, as the phosphatase-dead CDKN3 mutant exhibits normal localization (Fig. 4 C) .
CDKN3 is an interphase CDK inhibitor (Gyuris et al., 1993; Hannon et al., 1994) . Therefore, we wondered whether CDKN3 knockdown will facilitate the G1/S transition. Indeed, we observed a slightly increased S-phase fraction of unsynchronized CDKN3 knockdown cells at the cost of the G1-phase fraction (Fig. 4, D and E) . More dramatically, loss of CDKN3 attenuated starvation-induced G1 arrest (Fig. 4 F) .
CDKN3 is required for normal mitosis
We assessed the morphology of CDKN3 knockdown cells grown in the absence of taxol. We observed multinucleation in CDKN3 and MAD2 knockdown cells (Fig. 3, A and B) . Because multinucleation is a symptom of chromosome missegregation or cytokinesis failure, this suggests a role for CDKN3 in unperturbed mitosis. We noted decreased mitotic fraction in unsynchronized CDKN3-and MAD2-deficient cells (Fig. 3 C) , which suggests that loss of CDKN3 may accelerate mitosis similarly to MAD2 down-regulation (Meraldi et al., 2004) .
To test whether CDKN3 knockdown accelerates mitosis, we used time-lapse imaging (Fig. 3, C-E) . We found that CDKN3-deficient cells complete mitosis faster than control cells (Fig. 3 , D-E), with increased frequency of abnormal mitoses (Fig. 3, F and G) . Representative time-lapse videos are shown on Videos 1-6. Thus, CDKN3 is essential not only for cellular response to spindle poisons, but also for the unperturbed cell division. not affected by CDKN3 (Fig. 7 F) despite the spatial proximity of both phosphoresidues (Fig. 7 A) . CDKN3 inactivates the CDC2-cyclin B kinase in an in vitro kinase assay (Fig. 7 G) , and CDKN3-deficient cells fail to dephosphorylate CDC2 in early anaphase (Fig. 7 H) . These findings indicate that CDKN3 dephosphorylates CDC2 pThr-161 in late mitosis. Because dephosphorylation of CDC2 pThr-161 may silence CDKs during the mitotic exit (Chan et al., 2008; Wu et al., 2009) , the disrupted CDC2 activity in CDKN3-deficient cells may partially explain abnormal cell division resulting from loss of CDKN3.
Identification of candidate mitotic effectors of the CDKN3-CDC2 signaling axis
We used KinomeView technology (Cell Signaling Technology) to explore phosphosignatures of the key kinome branches upon CDKN3 knockdown in a Western blotting-based screen (Fig. S3 , A-R; Zhang et al., 2002) . Consistent with the role of CDKN3 in CDK regulation (Gyuris et al., 1993; Hannon et al., 1994) , CDKN3 knockdown induced abnormalities in CDK signaling ( Fig. S3 G) . Next, we used the PhosphoScan proteomic platform (Cell Signaling Technology) to identify and quantify CDKN3-dependent CDK targets (Rush et al., 2005; Fig. 8 A) . Many CDKN3 phosphotargets identified by this approach are known or hypothetical regulators of the mitotic spindle ( Fig. S4 and Table S3 ), which was confirmed in silico by the g:Profiler tool (Eichhorn et al., 2012) . We identified pSer-209 of the CK regulatory subunit as a target of CDKN3-CDC2. CK has been implicated in controlling multiple stages of cell division (Hériche et al., 1997; Litchfield et al., 1992; St-Denis and Litchfield, 2009 ). Therefore, we asked whether CK plays a role in the SAC.
First, we confirmed CDKN3-dependent phosphorylation of CK detected by mass spectrometry (Fig. 8 B) via Western blotting (Fig. 8 C) . Total CK protein level was unaffected by CDKN3 knockdown (Fig. 8 C) . We found that CK is enriched at centrosomes (Fig. 8 D) , where CDKN3 and CDC2 colocalize during mitosis (Fig. 7 B) . The CK signal appears at centrosomes in early mitosis and decreases in anaphase, but some CK pSer-209 is still found at telophase centrosomes ( Fig. 8 E) . The cell cycle-dependent change of the CK pSer-209 signal intensity ( Fig. 8 E) parallels CDKN3-dependent dephosphorylation of CDC2 pThr-161 before mitotic exit (Fig. 7 , C-E).
Next, we asked whether CK controls the SAC. CK knockdown reduced the percentage of taxol-treated cells arresting in mitosis (Fig. 8 , F-H), confirming the role of CK in the SAC.
CDKN3 localizes to centrosomes
We next tracked CDKN3 localization during mitosis. We found that endogenous CDKN3 associates with centrosomes ( Fig. 5 A) . We confirmed this finding using a HeLa cell line stably expressing DDK-tagged CDKN3 (Fig. 5 B) . Some endogenous CDKN3 is seen at the midzone spindle in anaphase (Fig. 5 C) . In telophase, the majority of CDKN3 returns to the newly formed nuclei (Fig. 5, A and B) . A small fraction of CDKN3 may associate with the midbody, as suggested by detection of a weak immunofluorescence signal in stable DDK-CDKN3-overexpressing cells next to the KIF20A-labeled midbody (Hümmer and Mayer, 2009; Lee et al., 2010) in late mitosis (Fig. 5 D) . Some CDKN3 remains at the centrosomes in interphase (Fig. 5, E and F; and Fig. S2) . The association of CDKN3 with the mitotic apparatus during cell division is consistent with the role for CDKN3 in mitosis.
We noted increased centrosome numbers in CDKN3 knockdown cells (Fig. 6, A and B) . Although it remains to be determined whether accumulation of centrosomes in CDKN3-knockdown cells is a consequence of failed cytokinesis or abnormal centrosome replication, this finding implies that the centrosome-associated phosphatase CDKN3 is critical for the maintenance of normal centrosome numbers.
CDKN3 controls final stages of mitosis by dephosphorylating CDC2 at Thr-161
The structure of the phospho-CDK2-CDKN3 complex has been solved (Poon and Hunter, 1995; Song et al., 2001 ). The examination of a spatial overlay of CDK2 and the mitotic cyclin-dependent kinase CDC2 reveals perfect conservation of the CDKN3 docking interface (Fig. 7 A) . CDKN3 physically binds CDC2 (Gyuris et al., 1993; Hannon et al., 1994) . Thus, we examined whether CDKN3 dephosphorylates CDC2 at Thr-161.
We visualized CDC2 phosphorylated at Thr-161 in dividing cells. During mitosis, CDC2 localizes to centrosomes, as described previously (De Souza et al., 2000) , and colocalizes with CDKN3 (Fig. 7 B) . Upon mitotic entry, CDC2 is phosphorylated at Thr-161 (Fig. 7 C) . After nuclear envelope breakdown (NEB), CDC2 pThr-161 is found at centrosomes, kinetochores, and the spindle (Fig. 7, C and D) . In anaphase, CDC2 pThr-161 is dephosphorylated and remains in this state until mitosis is completed (Fig. 7, C-E) .
We investigated whether CDKN3 is a CDC2 phosphatase. CDKN3 knockdown produces hyperphosphorylation of CDC2 at Thr-161 (Fig. 7 F) , whereas CDC2 phosphorylation at Tyr-15, controlled by the CDC25 phosphatases (Gautier et al., 1991) , is . Note the shortened time between NEB (black arrows) and anaphase (red arrows) upon CDKN3 knockdown. Time-lapse images were taken on an automated imaging system (Pathway 855; BD) in a controlled environment (5% CO 2 , 37°C) every 192 s (3.2 min) using laser autofocus and a 20× NA 0.75 objective lens (Olympus); only every other frame from relevant sequences is shown for simplicity. (E) Frequency distributions of anaphase times. Movies of individual cells in unsynchronized populations were followed manually frame-by-frame to detect NEB. 76 control cells and 137 siCDKN3-transfected cells were measured in three independent experiments. P < 0.0001 in t test. (F) Gallery of mitotic cells transfected with CDKN3 siRNA. Note the multipolar spindles, unattached chromosomes, multinucleation, and cleavage furrows cutting through partially decondensed chromosomes. (G) Quantification of abnormal mitoses in unsynchronized CDKN3 and MAD2 knockout cells. P < 0.0001 (one-way ANOVA; n = 5). Error bars represent mean values ± SEM. CDKN3 regulates mitosis • Nalepa et al.
the same tumor panel with antibody against phosphorylated CDK targets to determine whether decreased CDKN3 is associated with elevated CDK activity in GBMs. Indeed, GBMs contained more cells with active CDKs than healthy brain (Fig. 9, D and E) . Analysis of an independent cohort of patient-derived tumors (Fig. 9 F) confirmed decreased CDKN3 accompanied by elevated CDK activity in a fraction of GBMs (23%; n = 26; Fig. 9 , G and H). The concordance between CDKN3 and phospho-CDK substrates was not absolute. Although all low-CDKN3 tumors are highly phospho-CDK-positive (e.g., Fig. 9 F, lane 1) , some tumors expressing normal levels of CDKN3 have high phospho-CDK substrates (e.g., Fig. 9 F, lane 5) . This may be explained by disruption of other CDK inhibitors (Wiedemeyer et al., 2008 (Wiedemeyer et al., , 2010 or abnormal splicing of CDKN3 (Yu et al., 2007) .
Discussion
Here, we combined functional genomics with phosphoproteomics to study the role of human phosphatases during mitosis. Our RNAi screen revealed four candidate spindle checkpoint These data indicate that loss of CDKN3 leads to global abnormalities in the human kinome signaling network, establish the role for CK in the SAC, and reveal that phosphorylation and subcellular localization of CK pSer-209 are dynamically regulated as the cells divide.
Loss of CDKN3 and parallel activation of cyclin-dependent kinases in glioblastoma
Previous studies linking CDKN3 to cancer have generated conflicting evidence. CDKN3 was proposed to be overexpressed in some tumors (Lee et al., 2000; Lai et al., 2012) and lost in others (Yeh et al., 2000; Yu et al., 2007) . In light of our findings, decreased expression of CDKN3 would be consistent with genomic instability and abnormal activation of CDKs, which are central features of GBM (Cancer Genome Atlas Research Network, 2008; Wiedemeyer et al., 2008 Wiedemeyer et al., , 2010 . Therefore, we studied the CDKN3 expression in patient-derived GBM tumors.
We found that CDKN3 protein is ubiquitously expressed in healthy human brain (Fig. 9 A) , and we observed decreased expression of CDKN3 in human GBMs (Fig. 9, B and C) . We stained Westhorpe et al., 2010) . However, previous evidence allows us to speculate how these phosphatases may regulate mitosis. ANP32A may regulate PP2A (Habrukowich et al., 2010) to control the SAC via the PP2A-CDK pathway (Queralt et al., 2006; Schlaitz et al., 2007) . The role of SAC-1 in stabilizing the spindle has been described previously (Liu et al., 2008) . INPP5E has been linked to Joubert syndrome (MIM213200; Bielas et al., 2009; Jacoby et al., 2009) , the genetic disease leading to abnormal brain morphogenesis (Wong et al., 1992) . Intriguingly, germline mutations of another SAC protein, the kinetochore component LIS1, also led to abnormal brain development (Miller-Dieker regulators: CDKN3, ANP32A (acidic nuclear phosphoprotein 32 family member), INPP5E (inositol polyphosphate-5-phosphatase), 5-NT (cytosolic 5-nucleotidase-II), and PP1M (protein phosphatase-1M). Additionally, the screen has rediscovered CDC25A as a mitotic entry gene (Lindqvist et al., 2009 ). These phosphatases belong to three major categories: (1) CDK regulators (CDKN3, ANP32A, and CDC25A), (2) phosphoinositol phosphatases (SAC-1 and INPP5E), and (3) nucleotide phosphatases (5-NT).
Further validation is necessary to confirm the mitotic function of SAC-1, INPP5E, ANP32A, and 5-NT (Hübner et al., 2010; capture (Ganem et al., 2009 ). Fourth, loss of CDKN3 promotes micronucleation (Fig. 3, A and B) . A recent elegant study revealed that micronuclei generated through abnormal mitosis accumulate double-stranded DNA breaks and undergo massive mutagenesis (Crasta et al., 2012) . Further research will determine how these mechanisms contribute to genomic instability in CDKN3-deficient tumors.
The identification of abnormal activity of the CDKN3-CDC2 axis in glioblastoma provides experimental therapeutic opportunities. The CDKs can be targeted therapeutically (Manchado et al., 2010) in various tumors, including GBM (Wiedemeyer et al., 2010) . We found that a pulse of a CDK inhibitor releases taxol-induced SAC arrest and induces multinucleation in human GBM cells (Fig. S5) . Thus, this sequence of chemotherapeutics may work synergistically against tumors that have weakened SAC and activated CDKs. Also, CDKN3 or phospho-CDK substrate immunohistochemistry of tumor tissues (Fig. 9) may have diagnostic or prognostic importance.
In summary, our findings establish the role for CDKN3 in orchestrating mitosis through direct pathways (the SAC; timing of the mitotic clock) and indirect mechanisms (centrosome maintenance). This study provides mechanistic insights into the role of CDKN3 in carcinogenesis by proposing that CDKN3 functions as a tumor suppressor by preventing aneuploidy. These observations offer opportunities for anticancer drug development.
Materials and methods
Functional siRNA screen
The siRNA phosphatase library against a genome-wide set of phosphatases was purchased from Ambion. Cells were reverse-transfected with syndrome, MIM247200). It remains to be seen whether abnormal mitosis contributes to disease manifestations in Joubert syndrome. Finally, loss of 5-NT may disrupt the mitotic spindlecontrolling Ran-GTP gradient (Clarke and Zhang, 2008) . Overall, the candidate cell cycle regulators identified in our RNAi screen fit into the mitosis-orchestrating pathways ( Fig. 10 ; Groigno and Whitaker, 1998; Queralt et al., 2006; Schlaitz et al., 2007; Clarke and Zhang, 2008) .
We focused on dissecting the role of CDKN3 in regulating the human cell cycle. CDKN3 is essential for G1 arrest, in agreement with the known role of CDKN3 in inhibiting interphase CDKs (Gyuris et al., 1993; Hannon et al., 1994) . The localization of CDKN3 is reminiscent of nucleolar sequestration of CDC14, the phosphatase that is released from nucleoli to inhibit CDKs at the mitotic exit in Saccharomyces cerevisiae (Visintin et al., 1998; Shou et al., 1999; Azzam et al., 2004) . Mammalian cells contain sequence orthologues of CDC14, but the function of CDC14s is not conserved among eukaryotes (for review see Mocciaro and Schiebel, 2010) . Some CDK-counteracting activities of CDKN3 during mitotic exit may overlap with S. cerevisiae CDC14.
We found that CDKN3 dephosphorylates CDC2 in late mitosis. Experiments in cell-free systems suggest that dephosphorylation of CDC2 pThr-161 may silence CDKs during the mitotic exit (Chan et al., 2008; Wu et al., 2009 ). Therefore, loss of CDKN3 may delay inactivation of CDKs in late mitosis. Consistently, we identified mitotic effectors whose CDK phosphorylation increases upon loss of CDKN3. We found the role of one of these phosphoproteins (CK) in the SAC, and observed that phospho-CK Ser-209 localizes to centrosomes like its upstream regulators, CDKN3 and CDC2. Further research will reveal how the phosphorylation of other CDKN3-CDC2 targets (Table S3) regulates the mitotic exit. The candidate mitotic effectors of the CDKN3-CDC2 axis identified in our study include the cytokinesis regulator PRC1 (Neef et al., 2007) , the microtubule/kinetochore regulator CLASP (Reis et al., 2009) , and the KIF20A/MKLP2 kinesin (Hümmer and Mayer, 2009 ).
The dephosphorylation of CDC2 pThr-161 in CDKN3-deficient cells is delayed but not abolished. Because the PP2A phosphatase dephosphorylates the same residue (De Smedt et al., 2002) , CDKN3 and PP2A may collaborate to silence CDKs at the mitotic exit (Fig. 10) . PP2A is a tumor suppressor (Neviani et al., 2005; Rodriguez-Viciana et al., 2006; Sablina et al., 2007 Sablina et al., , 2010 essential for centrosome maintenance (Kotadia et al., 2008) . Loss of CDKN3 also induces supernumerary centrosomes (Fig. 6) . Therefore, CDKN3-deficient cells are at risk of aneuploidy not only due to the weakened SAC, but also because of the increased number of centrosomes.
CDKN3 protein expression is decreased in glioblastoma in parallel with activation of the CDKs. This finding enhances our understanding of the genomic instability in GBM. Loss of CDKN3 may promote carcinogenesis through several complementary mechanisms. First, weakened SAC leads to aneuploidy as discussed in the Introduction. Second, precise control of latemitotic CDK activity prevents aneuploidy (for review see Tsichlis et al., 2007) . Third, cells with supernumerary centrosomes develop aneuploidy due to abnormal chromosome segregation secondary to the increased frequency of merotelic kinetochore-spindle 10 nM siRNA on 96-well plates (BD Falcon imaging microplates; 2,500 HeLa cells/well) using siPORT NeoFX transfection reagent (Applied Biosystems). 48 h later, cells were exposed to 100 nM taxol for 24 h and then fixed for visual inspection. Positive hits (defined as >20% nonmitotic cells after 24 h in 100 nM taxol) were verified in a HeLa/H2B-GFP/mCherry--tubulin cell line. To quantify CDKN3 and MAD2 protein levels in cells transfected with siRNAs against CDKN3 and MAD2, infrared fluorescencebased quantitative Western blotting was performed using secondary antibodies coupled to fluorescent dyes without enzymatic signal amplification (Odyssey CLX; LI-COR Biosciences).
Cell lines
HeLa cells stably expressing H2B-GFP/mCherry/-tubulin and GFP-CENPA/ -tubulin were gifts from C. Walczak (Indiana University, Bloomington, IN). HeLa cells were maintained in DMEM (Invitrogen) supplemented with 10% FBS and antibiotics. Neural progenitor cells isolated from postmortem human cortex, as described previously (Schwartz et al., 2003) , were obtained directly from National Human Neural Stem Cell Resource, Children's Hospital of Orange County Research Institute (Orange, CA), and cultured according to published guidelines (Nethercott et al., 2007) . Roscovitine was purchased from Selleck Chemicals. VS-83, taxol, and nocodazole were obtained from EMD Millipore. Olomoucine was purchased from Promega. Human glioblastoma cells were provided by K. Pollok (Indiana University School of Medicine, Indianapolis, IN).
Generation of inducible shRNA cell lines and CDKN3-expressing constructs 21-bp oligonucleotides targeting genes of interest were inserted into the pcDNA6/2-GW/EmGFP-miR vector (BLOCK-iT Pol II miR RNAi; Invitrogen). Successful insertion of oligonucleotides was confirmed by sequencing. Rapid BP/LR Gateway recombination was performed to transfer the miR-RNAi cassette into a tet-inducible pLENTI4/TO/V5-DEST lentiviral destination vector (ViraPower T-Rex; Invitrogen) using the pDONR221 vector (Invitrogen) as the intermediate. 293T cells were used to generate lentiviral particles. T-REx-HeLa cells (Invitrogen) were infected with miRNA lentiviruses, and cells were selected with zeocin (100 mg/ml). Zeocin-resistant colonies were expanded and tested for tetracycline-inducible target protein knockout and GFP expression by Western blotting.
The Myc-DDK-tagged CDKN3 construct was purchased from OriGene Technologies as the entry clone, verified by direct sequencing, and directly subcloned into pEGFP-C1 vector (Takara Bio Inc.) to generate the GFP fusion construct for immunofluorescence. The GFP-CDKN3 phosphatase-dead mutant (C79S) was generated through site-directed mutagenesis (Agilent Technologies) and verified by direct sequencing.
To generate a TAP-CDKN3-Myc-DDK-expressing construct, the CDKN3-Myc-DDK sequence was cloned into pNTAP-A vector (a gift of M. Harrington, Indiana University). To generate a stable TAP-CDKN3-Myc-DDK HeLa cell line for protein work and immunofluorescence, HeLa GFP-H2B/mCherry--tubulin cells (a gift of C. Walczak) were transfected with this construct and selected with G418. Stable expression of the tagged CDKN3 protein of expected size was confirmed in G418-resistant clones by Western blotting.
Microscope image acquisition
Immunofluorescence microscopy. For imaging, HeLa cells were grown on ultrathin cover slides (Thermo Fisher Scientific) in DMEM (Invitrogen) supplemented with 10% FBS and antibiotics. Cells were fixed with ultrapure 4% paraformaldehyde (Electron Microscopy Sciences) in PBS for 10 min at room temperature. For routine immunostaining, cells were permeabilized with 0.1% Triton X-100 for 10 min, blocked with Image-iT FX signal enhancer (Invitrogen) or 1% bovine serum albumin in PBS for 30 min, and incubated with primary antibody for 2 h (DDK and pericentrin antibodies) or overnight (all other primary antibodies) on a shaker at room temperature. Cells were then washed with PBS, incubated with Alexa Fluor-conjugated secondary antibodies (Life Technologies) for 1 h, washed again, counterstained with Hoechst 33342 (Invitrogen) to visualize DNA, and mounted in SlowFade Light Antifade reagent (Molecular Probes). Images were taken at a room temperature on a deconvolution fluorescence microscope (personalDX DeltaVision; Applied Precision) fitted with a cooled extracted with 0.1% Triton X-100 in PBS for 2 min before fixation with 4% paraformaldehyde to remove the diffuse nuclear and cytoplasmic protein fractions. The same extraction protocol was used to visualize CDKN3 colocalization with CDC2 on centrosomes, localization of CDC2 pThr-161 on kinetochores, and localization of overexpressed GFP-CDKN3 wild-type and phosphatase-dead fusion constructs on centrosomes and nucleoli. The primary MAD2 antibody used to visualize endogenous MAD2 on kinetochores was a gift of H. Yu (University of Texas Southwestern Medical Center, Dallas, TX). A list of primary antibodies used in this work is provided in Table S1 .
Live cell imaging. For live imaging of dividing cells, cells were transfected with siRNAs in 96-well plates as described in the "Functional siRNA screen" section. Cells were grown in high-glucose DMEM without phenol red (Invitrogen) supplemented with 10% FBS and 1% pen-strep. Time-lapse images were taken on an automated high-throughput imaging system (Pathway 855; CCD camera (CoolSNAP HQ2; Photometrics) and a SoftWoRx imaging software platform (Applied Precision). The following lenses were used: UPlan S-Apochromat 100× (NA 1.4), Plan-ApoN 60× (NA 1.42), and Uplan S-Apochromat 20× (NA 0.75; all from Olympus). The Applied Precision immersion oil objective lens (n = 1.516) was used with the 60× and 100× lenses. Images were acquired as a series of 100-nm-or 200-nm-thick z sections (for 60× and 100× lenses) or 1-µm-thick z sections (for the 20× lens). Deconvolution was performed with a SoftWoRx image workstation (ratio conservative, 10 iterations, noise filtering: medium; the same settings were used for all image stacks). Resulting images are presented as single transnuclear sections or collapsed image stacks. To generate scale bars, deconvolution image stacks were processed via the Imaris software platform. All images were collected and processed identically. For visualization of endogenous CDKN3 on centrosomes and in the nucleoli, cells were CDC2 inhibitor RO3306 (final concentration of 9 mM; purchased from EMD Millipore; Vassilev et al., 2006) in growth medium for 24 h; G2 arrest was confirmed by flow cytometry. Cells were then released from the arrest by generous washing with RO3306-free growth medium, and cell lysates were collected at the indicated time points.
To synchronize HCT cells in G1 for the G1/S transition experiments, cells were serum-starved for 48 h, starting 24 h after siRNA transfection. For S-phase staining, HCT cells released from G1 arrest by exposure to FBS for 10 h, as described previously (Ye et al., 2003) , were pulsed with 5-ethynyl-2'-deoxyuridine (EdU) for 1 h. A Click-iT EdU Assay (Invitrogen) was used to detect EdU-positive nuclei, and the percentage of EdU-positive S-phase nuclei was quantified manually under a deconvolution microscope. For flow cytometry, cells were fixed in 4% paraformaldehyde and permeabilized with 90% methanol before staining with phospho-histone-H3 antibody and DRAQ5 DNA stain (Cell Signaling Technology) to quantify mitotic cell fraction and obtain cell cycle profiles. Flow cytometry was performed on a FACSCalibur machine (BD). BD) every 192 s in an environmentally controlled chamber (5% CO 2 , 37°C) (3.2 min) fitted with the Olympus 20× NA 0.75 lens. Laser autofocus was used to minimize photobleaching. The asynchronously growing cells were imaged for no longer than 4 h. Cells undergoing mitosis were identified on time-lapse movies and followed frame-by-frame to measure time between NEB and anaphase onset. NEB was defined as the dissolution of spherical nuclear shape and chromosome condensation, and anaphase onset was defined as the first frame showing separation of chromosomes toward spindle poles. 76 control cells and 137 siCDKN3-transfected cells were measured in three independent experiments. Attovision software (BD) was used for image acquisition. Photoshop (Adobe) and ImageJ software platforms were used to export movies. The Imaris software platform was used to generate still images shown on Fig. 3 to incorporate scale bars.
Cell cycle analysis, cell cycle synchronization, and flow cytometry To synchronize cells in the G2 phase of the cell cycle for analysis of CDC2 pThr161 dephosphorylation at mitotic exit, cells were exposed to the of methionine residues was allowed, and phosphorylation was allowed on serine, threonine, and tyrosine residues. Parent ion intensities were derived from the samples' ion chromatogram files using proprietary software (Cell Signaling Technology) and used to generate quantitative data. Phosphopeptide-level differences between specimens were determined by calculating the ratios of raw intensities. Mean intensity values and raw ratios between specimens were computed based on raw phosphopeptide intensities in analyzed samples. Raw ratios were converted to log 2 ratios and a median ratio was found for each comparison. The raw ratios were normalized based on the median ratio found, and normalized ratios and fold changes are reported. To make the quantification tables more complete, we used a proprietary computational program to search for phosphopeptide ions in the ion chromatogram files on the basis of their chromatographic retention times and their mass-to-charge (m/z) ratios for all phosphorylated peptides identified by MS/MS in at least one sample (Stokes et al., 2012) . The retention time window used was variable and based on the pattern seen in the extracted ion chromatogram files, and the m/z range used was also variable and dependent on the mass error narrowing performed in a previous step. The computational program collected each peptide ion's retention time, observed m/z ratio, and intensity. Peak intensity measurements for many peptide ions were manually reviewed in the ion chromatogram files. This eliminated the possibility that the automated process selected the wrong chromatographic peak from which to derive the corresponding intensity measurement.
Samples to be used in the PhosphoScan study were also analyzed at Cell Signaling Technology using KinomeView (http://www.cellsignal.com/ services/kinomeview.html), a Western blotting-based screen using all available phospho-motif antibodies. 20 mg of each sample was loaded on 4-20% Tris glycine gels, transferred to PVDF, blocked for 1 h at room temperature with 5% nonfat dry milk in TBS, and incubated overnight at 4°C in either 5% BSA in TBS/0.1% Tween 20 (TBS/T) or 5% nonfat dry milk in TBS/T as recommended by Cell Signaling Technology. Blots were washed three times for 5 min each in TBS/T and incubated with either anti-rabbit or anti-mouse DyLight 680 conjugate secondary antibody (catalogue Nos. 5366 and 5470, respectively; Cell Signaling Technology) for 1 h in 5% nonfat dry milk in TBS/ T. Blots were washed again three times for 5 min with TBS/T, dried, and exposed in an Odyssey LI-COR near infrared imaging system.
Tumor immunohistochemistry and Western blotting
For analysis of CDKN3 expression in healthy human brain, fractionated human brain protein lysates were purchased from Takara Bio Inc. To study spindle checkpoint abnormalities in primary brain stem cells, primary cells from human brains isolated postmortem were obtained directly from National Human Neural Stem Cell Resource and cultured as described previously (Schwartz et al., 2003) . For analysis of CDKN3 expression in human tumor specimens, a paraffin-embedded array of brain glioblastoma and normal tissue was purchased from Biomax (GL806a: 33 cases of brain glioblastoma, 5 cases of normal brain tissue, two tissue cores per case were mounted by the manufacturer on the same slice; GL1002: brain tumor/normal tissue array). The slides were deparaffinized in xylene (three changes) and hydrated with graded alcohols and distilled water. Antigen retrieval was performed in 0.4% pepsin buffer for 40 min at 37°C and followed by blocking of endogenous peroxidase activity with Peroxo-block (Invitrogen). After rinsing the slides in PBS, the slides were incubated with anti-CDKN3 antibody (ab72081, 1:100 dilution; Abcam) for 1 h. The antigen-antibody reaction was visualized by the avidin-biotin-peroxidase (Zymed Picture Plus kit; Invitrogen) with DAB (Vector Sk-4100) as the chromogen. The slide was counterstained with methyl green (BioVision) and then cleared in alcohol and xylene. The slide was mounted with Histomount (Invitrogen) and visualized with a microscope (Eclipse 80i; Nikon) equipped with a digital camera. The results were independently verified on another patient-derived brain tumor tissue array (T174; Biomax). Cell counting was performed in a doubleblinded fashion by two independently working researchers (F.-C. Yang and S. Chen) who were not aware which tissue cores represent normal brain versus tumor tissue. Each tissue core was subdivided into 12 visual fields and cells were counted in four central fields per core. Results represent pooled mean and SEM values for normal brain tissue and GBM specimens. For Western blotting-based quantification of CDKN3 expression in glioblastomas, protein lysates of tumor specimens were subjected to Western blotting using antibodies against CDKN3 and actin at least thrice, and mean band intensity for each of the proteins was measured with ImageJ software. Results were analyzed with two-way analysis of variance (ANOVA).
Online supplemental material Fig. S1 shows that a fraction of endogenous CDKN3 and overexpressed GFP-CDKN3 localizes to nucleoli. Fig. S2 shows that centrosomal localization
In vitro kinase assays Radioactive in vitro CDK kinase assays were performed with recombinant CDC2-cyclin B kinase (New England Biolabs, Inc.) and recombinant CDKN3 produced in Escherichia coli (Cyclex). Indicated amounts of CDKN3 were incubated with 1.25 U CDC2/cyclin B and 2 µg CDC2 substrate (histone H1) in kinase buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 1 mM EGTA, 2 mM DTT, 40 mM -glycerophosphate, 20 mM p-nitrophenylphosphate, 0.1 mM sodium vanadate, and 0.01% Brij 35) for 30 min in the presence of radioactive [P 32 ]-ATP (1 µCi). Reactions were then terminated by adding SDS loading buffer, resolved by SDS-PAGE, and analyzed by autoradiography to detect CDC2-dependent in vitro phosphorylation of histone H1. Olomoucine (a small-molecule CDK kinase inhibitor used as a negative control) was purchased from Promega.
Proteomics sample preparation, mass spectrometry, and label-free protein quantification For phospho-mass spectrometry analysis, cell pellets were flash-frozen in liquid nitrogen and sent on dry ice to Cell Signaling Technology for PhosphoScan analysis using the CDK Substrate Motif Antibody (Cell Signaling Technology catalogue no. 2324). Lysates were sonicated and centrifuged at 20,000 g for 15 min to remove insoluble material. The resulting "cleared" protein extracts were reduced with DTT and carboxamidomethylated with iodoacetamide. Normalization of total protein was performed for the lysates before trypsin digestion (catalogue no. LS003740; Worthington Biochemical Corporation), which was followed by solid-phase extraction of peptides with Sep-Pak C18 classical cartridges (catalogue no. WAT051910; Waters) and peptide lyophilization. Next, redissolved CDK-phosphorylated peptides were affinity-purified using CDK Substrate Motif antibody (Cell Signaling Technology). The peptides were subsequently released from antibody resin (0.15% trifluoroacetic acid, total volume = 100 µl) and subjected to duplicate liquid chromatography, mass spectrometry (LC-MS) analysis upon concentration with C18 spin tips. Peptides were then loaded onto a 10 cm × 75 µm capillary column (PicoFrit) packed with reversed-phase resin (Magic C18 AQ; Michrom Bioresources). Next, the column was developed with a 72-min linear gradient (acetonitrile in 0.125% formic acid) at 280 nL/min. Tandem mass spectra were collected with a hybrid mass spectrometer (LTQ-Orbitrap XL; Thermo Fisher Scientific) with a top 10 method, a dynamic exclusion repeat count of 1, and a repeat duration of 30 s. MS spectra were collected in the Orbitrap component of the mass spectrometer, and tandem mass spectrometry (MS/MS) spectra were collected in the LTQ. MS/MS spectra were evaluated using SEQUEST 3G and the SORCERER 2 platform from Sage-N Research (version 4.0; Lundgren et al., 2009 ). Peptide assignments were obtained using a 5% false-positive discovery rate. Searches were performed against the human National Center for Biotechnology Information database updated on 6 September 2010. Cysteine carboxamidomethylation was specified as a static modification, oxidation Figure 10 . Model of sequential CDC2 dephosphorylation during mitosis. Phosphatases identified in this work are marked with asterisks. Dephosphorylation of Tyr-15 by CDC25 activates CDC2 at mitosis entry, whereas dephosphorylation of Thr-161 by CDKN3, PP2A, and other phosphatases guides CDC2 through late mitosis.
